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TSG-6 Produced by hMSCs Delays the Onset of 
Autoimmune Diabetes by Suppressing Thl Development 
and Enhancing Tolerogenicity 

Daniel J. Kota, Lindsey L. Wiggins, Nara Yoon, and Ryang Hwa Lee 



Genetic and immunological screening for type 1 diabetes has led 
to the possibility of preventing disease in susceptible individuals. 
Here, we show that human mesenchymal stem/stromal cells 
(hMSCs) and tumor necrosis factor-a-stimulated gene 6 (TSG-6), 
a protein produced by hMSCs in response to signals from injured 
tissues, delayed the onset of spontaneous autoimmune diabetes 
in NOD mice by inhibiting insulitis and augmenting regulatory 
T cells (Tregs) within the pancreas. Importantly, hMSCs with a 
knockdown of tsg-6 were ineffective at delaying insulitis and the 
onset of diabetes in mice. TSG-6 inhibited the activation of both T 
cells and antigen-presenting cells (APCs) in a CD44-dependent 
manner. Moreover, multiple treatments of TSG-6 rendered APCs 
more tolerogenic, capable of enhancing Treg generation and delay- 
ing diabetes in an adoptive transfer model. Therefore, these results 
could provide the basis for a novel therapy for the prevention of 
type 1 diabetes. Diabetes 62:2048-2058, 2013 




Recent advances in the use of genetic and immu- 
nological screening for identification of pre- 
diabetic patients (1-3) have opened up the 
opportunity to prevent, delay, or halt disease 
progression before the diagnosis of diabetes. Based on the 
success in animal models (4-6), clinical trials of oral or 
nasal insulin (7,8) and nicotinamide (9,10) have been 
conducted in humans to prevent type 1 diabetes. However, 
despite all efforts, these clinical trials have failed to show 
any improvement in the prevention of type 1 diabetes. 

Recently, we found that intravenously adminis- 
tered human mesenchymal stem/stromal cells (hMSCs) 
were activated to express the anti-inflammatory protein 
tumor necrosis factor (TNF)-a-stimulated gene 6 (TSG-6), 
which reduced excessive inflammatory response in the 
myocardial-infarcted heart in mice (11), chemically and 
mechanically injured cornea in rodent models (12,13), 
and zymosan-induced peritonitis in mice (14). Specifically, 
our recent observation revealed that TSG-6 attenuated 
zymosan-induced mouse peritonitis by decreasing TLR2- 
mediated NF-kB signaling in resident macrophages (14). 
This suppressive effect of TSG-6 on NF-kB signaling could 
provide the rationale for TSG-6 as a potential therapy for 
the prevention of type 1 diabetes, since several studies 
have already shown that inflammation and the innate 
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immune system contribute to induction, amplification, and 
maintenance of the immune cell infiltrate as well as p-cell 
destruction during this preclinical period (15-17). Partic- 
ularly, antigen-presenting cells (APCs) from NOD mice, 
mainly dendritic cells (DCs) and macrophages, have 
been shown to secrete substantially elevated levels of 
interleukin-12 (IL-12) and TNF-a (18,19) due to NF-kB 
hyperactivity (18,20), which leads to T-helper 1 (Thl) de- 
velopment and overt diabetes (21). 

Here, we tested whether a new treatment for the pre- 
vention of type 1 diabetes could be developed using TSG-6, 
which hMSCs produce in response to signals from injured 
tissues. Our data showed that systemic administration of 
hMSCs to prediabetic mice delayed the onset of type 1 
diabetes in NOD mice in part by secreting TSG-6. 

RESEARCH DESIGN AND METHODS 

Animals. Female NOD/LtJ (stock 001976), NOD/scid (stock 001303), C57BL/6J 
WT (stock 000664), and CD44 KO mice (stock 005085: B6.Cg-Cd44tmlHbg/J) 
from Jackson Laboratory (Bar Harbor, ME) were cared for at Scott & White 
Department of Comparative Medicine under a protocol approved by the In- 
stitutional Animal Care and Use Committee. 

hMSC culture. hMSCs were prepared as previously described (11). 
Transfections with TSG-6 small interfering RNA. Viable passage 1 hMSCs 
were used for small interfering RNA (siRNA) transfections. hMSCs were 
transfected with 20 nmol/L siRNA for tsg-6 (sc-39819; Santa Cruz Bio- 
technology, Santa Cruz, CA) or RNAi negative control (Stealth RNAi Negative 
Control; Life Technologies, Grand Island, NY) according to the manufacturer's 
protocol using Lipofectamine RNAiMAX (Life Technologies). Six hours later, 
the medium was replaced with CCM (a-MEM [Life Technologies] containing 
17% FBS [lot selected for rapid growth of MSCs; Atlanta Biologicals, Inc., 
Norcross, GA] and 2 mmol/L L-glutamine [Life Technologies]) lacking anti- 
biotics and hMSCs were incubated for 16-20 h. hMSCs were harvested for 
RNA isolation according to the manufacturer's instructions (RNeasy Mini Kit; 
Qiagen, Valencia, CA), and the efficacy of the siRNA on the expression of tsg-6 
was assayed using real-time RT-PCR. 

Diabetes incidence study. Blood glucose levels were assessed by tail 
bleeding according to National Institutes of Health guidelines, and mice were 
regarded as diabetic if they displayed >150 mg/dL fasting or >250 mg/dL 
nonfasting blood glucose for two consecutive readings. 
Islet histology. Pancreatic sections (5 fxm) were hematoxylin-eosin (H-E) 
stained (Shandon Rapid Chrome frozen section-staining kit; Thermo Fisher 
Scientific, Waltham, MA), and islet numbers were quantified relative to pan- 
creatic sections or areas. Insulitis scoring was performed on H-E-stained 
pancreatic sections. Insulitis scores were graded as follows: grade 0, normal 
islets; grade 1, mild mononuclear infiltration (<25%) at the periphery; grade 2, 
25-50% of the islets infiltrated; grade 3, >50% of the islets infiltrated; grade 4, 
islets completely infiltrated with no residual parenchyma remaining. At least 
20 islets per mouse were analyzed and pooled from sections obtained from 
different mice. For immunofluorescence, the sections were incubated for 18 h 
at 4°C with antibodies against mouse insulin (1:800, C27C9; Cell Signaling, 
Danvers, MA), mouse CD4 (1:100, clone YTS191.1; AbD Serotec, Kidlington, 
U.K.), and mouse Foxp3 (1:100, clone FJK-16s; eBioscience, San Diego, CA). 
Real-time PCR assays. About 200 ng of total RNA from the cell cultures was 
used to synthesize double-stranded cDNA by reverse transcription (Superscript 
III; Life Technologies). cDNA was analyzed by real-time PCR (ABI 7900 Se- 
quence Detector; Applied Biosystems, Carlsbad, CA). The mouse primers and 
probes (Applied Biosystems; Life Technologies) for assay of mouse-specific 
transcripts were IL-ip (Mm99999061_mH), IFN-7 (Mm00801778_ml), IL-2 
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(Mm00434256_ml), IL-12a (Mm00434165_ml), IL-12b (Mm01288992_ml), 
TNF-a (Mm00443258_ml), TGF-p (Mm00441729_gl), Foxp3 (Mm00475162_ml), 
and ErlO (Mm99999062_ml) using Taqman Fast Universal PCR Master Mix 
(Applied Biosystems; Life Technologies). For relative quantitation of gene ex- 
pression, mouse-specific GAPDH primers and probe (Mm99999915_gl) were 
used. 

Isolation and activation of splenocytes and T cells. Splenocytes and 
T cells were cultured in 96-well plates precoated with anti-CD3 Ab (BD Bio- 
sciences, Franklin Lakes, NJ) plus anti-CD28 Ab (T-cell cultures only, 2 fxg/mL; 
BD Biosciences) or CD3/CD28 beads (Life Technologies), and splenocytes 
were also cultured with lipopolysaccharide (LPS, 50-100 ng/mL; Sigma- 
Aldrich, St. Louis, MO) in 5% heat-inactivated FBS (hFBS; Atlanta Biologicals) 
plus 100 units/mL penicillin and 100 |xg/mL streptomycin (pen/strep; both from 
Life Technologies) in RPMI (ATCC, Manassas, VA), all with different 
recombinant human (rh) TSG-6 concentrations or cocultured with mitomycin- 
treated (2.5 |xg/mL for 2 h at 37° C; Roche, Mannheim, Germany) scrambled 
(Scr) siRNA- or TSG-6 siRNA-transfected hMSCs. MTT assay (Promega, 
Madison, WI) was performed according to the manufacturer's protocol, and 
Thl cytokine expression was detected by real-time PCR or ELISA (R&D 
Systems) according to the manufacturer's protocol. Apoptotic splenocytes 
were quantified by fluorescence-activated cell sorter analysis using the 
Annexin V-FITC Apoptosis Detection Kit plus 7-aminoactinomycin D (7-AAD), 
both from Sigma-Aldrich. 

Western blot and immunoprecipitation. For immunoprecipitation, the 
pellet was resuspended in 6 X 10 6 cells/400 fxL cell lysis buffer (Cell Signaling, 
Danvers, MA; Complete Protease Inhibitor Cocktail Tablets; Roche) for 30 min 
on ice, vortexing every 5 min. Cell lysate was microcentrifuged for 10 min at 
14,000(7, 4°C, and the primary antibody (either anti-mouse CD3e or anti-mouse 
Zap-70; Cell Signaling) was added to the supernatant for an overnight 4°C 
incubation. Next, protein A agarose beads (Cell Signaling) were added and 
incubated for 3 h at 4°C. The sample was centrifuged for 30 s at 4°C, and the 
pellet was washed three times with cell lysis buffer, followed by resuspension 
of the pellet with 3x SDS buffer (Blue Loading Buffer plus Reducing Agent 
[DTT]; Cell Signaling). For Western blot analysis, whole-cell lysate cell pellets 
(2 X 10 6 cells) were resuspended with 50 jxL IX SDS buffer (Cell Signaling), 
and the sample was sonicated for 10-15 s on ice. Samples (40 jxL) from both 
immunoprecipitated and whole-cell lysate samples were heated to 95-100°C 
for 5 min and briefly centrifuged. Proteins were electrophoresed on Nu-PAGE 
SDS-polyacrylamide gels (Life Technologies) and transferred to poly- 
vinylidene difluoride membranes (Life Technologies). The membranes were 
blocked in 5% nonfat dry milk (Cell Signaling) in TBS buffer (Life Technolo- 
gies) with 0.1% Tween (Thermo Fisher Scientific) (TBST) and incubated 
overnight in 5% BSA (Thermo Fisher Scientific) in TBST at 4°C with one of the 
following primary antibodies: p44/42 MAPK, phospho-p44/42 MAPK, Zap-70, 
phospho-Zap-70 (Cell Signaling), CD44 (Santa Cruz Biotechnology, Santa Cruz, 
CA), Lck, LAT, and phospho-LAT (Abeam). Membranes were then washed and 
incubated with the appropriate horseradish peroxidase-conjugated secondary 
antibody (Cell Signaling) in 5% nonfat dry milk (Cell Signaling) in TBST for 1 h 
and washed, and protein signals were detected using an enhanced chem- 
iluminescence system (Versadoc Imaging 4000 MP; Bio-Rad, Hercules, CA). 
Generation and activation of bone marrow APCs and TSG-6 bone 
marrow APCs. Mononuclear cells aseptically flushed from the femurs and 
tibiae of mice were seeded at 10 6 cells/mL in RPMI containing 10% hFBS plus 
pen/strep, GM-CSF (20 ng/mL), and IL-4 (10 ng/mL) (both from R&D Systems, 
Minneapolis, MN). On day 3, additional media was added to the plate. On days 
5, 7, and 9, media including floating cells was collected and centrifuged, and 
cells were resuspended in fresh medium and added back. For TSG-6 bone 
marrow (BM) APC generation, rh TSG-6 was added at days 0, 3, 5, 7, and 9. 
Cells were harvested at different time points. Cells were harvested at 8-12 
days for CDllc (HL3), CDllb (Ml/70), and B220 (RA2-6BR) staining (all from 
BD Pharmingen, San Jose, CA) or activated with LPS (50 ng/mL; Sigma- 
Aldrich) for 18 h and stained for CDllc (HL3), CD80 (16-10A1), CD86 (GL1), 
and CD40 (3/23) expression; Thl and Th3 cytokines were measured by ELISA 
(R&D Systems). 

NF-kB translocation assay. Control-BM APCs were plated at 10 4 cells/mL in 
four-well chamber slides (Laboratory-Tek II Chamber Slide; Nalge Nunc; 
Thermo Fisher Scientific, Waltham, MA) and activated with LPS (50 ng/mL) for 
15 min in RPMI with 2% hFBS and stained as previously described (15). 
In vivo LPS stimulation. Female NOD, C57BL/6J, and CD44 KO mice were 
intravenously infused with PBS or LPS (30 fig/mouse), followed by intravenous 
rh TSG-6 infusion (50 fig/mouse). At 6 h postinjection, RNA was isolated from 
splenocytes for the detection of Thl expression. CDllc + and CDllb + cells 
were further magnetically isolated (Miltenyi Biotec, Auburn, CA). 
BM APC T-cell cocultures. Control-BM APCs or TSG-6-BM APCs were 
cocultured in 96-well plates with isolated CD4 + T cells in RPMI with 10% hFBS. 
On day 4 or 5, Th3 levels on culture supernatants were measured by ELISA 
(R&D Systems) and the CD4 + CD25 + Foxp3 + regulatory T cell (Treg) population 
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identified by flow cytometry analysis using CD4 (GK1.5), CD25 (7D4), and 
Foxp3 (3G3) antibodies, all from Miltenyi Biotec. 

Generation of Tregs in vivo. TSG-6-BM APCs, control-BM APCs, or vehicle 
control (Hanks' balanced salt solution [HBSS]) were intravenously infused 
into female NOD mice. Five days later, splenocytes were isolated and analyzed 
by flow cytometry. 

Diabetes adoptive transfer model. TSG-6-BM APCs, control-BM APCs, rh 
TSG-6, or vehicle control (200 |xL) were intravenously infused immediately 
after infusion of 10 7 diabetic splenocytes from diabetic female NOD mice into 
NOD/scid mice. Rh TSG-6 was additionally infused 1 week after. Glucose 
measurements and diabetes incidence were performed as described above. 

RESULTS 

Intravenously administered hMSCs and TSG-6 delayed 
onset of autoimmune diabetes in NOD mice. To test 
whether the administration of hMSCs could delay the on- 
set of type 1 diabetes in a preclinical period, we infused 
hMSCs to prediabetic female NOD mice. Systemic admin- 
istration of hMSCs delayed the onset of type 1 diabetes in 
NOD mice (Fig. 1A). To examine hMSC engraftment after 
intravenous infusion, we screened human cells (11) in 
pancreas, pancreatic lymph nodes (PLNs), spleen, and 
lung at 1, 2, 3, and 7 days after intravenous infusion using 
real-time RT-PCR for human Gapdh (Supplementary Table 
1). Most of the infused cells were trapped in the lung as 
shown previously (11). A small number of human cells 
were found in the spleen at 1 day after intravenous in- 
fusion; however, these cells disappeared after 2 days as 
previously shown (11). To test whether the beneficial 
effects of hMSCs in the model could be duplicated by the 
administration of TSG-6, we infused TSG-6 into female 
NOD mice. Multiple infusions of TSG-6 delayed the onset 
of diabetes, but two infusions of TSG-6 at ages 10 and 11 
weeks had no significant effects (Fig. LB). Islets from 
untreated mice were extensively infiltrated by lymphoid 
cells, displayed disrupted structure, and had a reduction 
of insulin expression (Fig. 1(7). In contrast, islets from 
hMSC- and TSG-6-treated mice were free of or displayed 
moderate insulitis and contained more insulin-positive 
cells (Fig. IC). In addition, hMSC- and TSG-6-treated mice 
had more islets (Fig. ID) and less severe insulitis than 
untreated mice (Fig. IE). The administration of hMSCs or 
TSG-6 increased Foxp3 + cells in the islets of treated NOD 
mice (Fig. IF and G). Therefore, these data suggest that the 
administration of hMSCs and TSG-6 to prediabetic mice 
delays the onset of type 1 diabetes by reducing insulitis in 
islets and preserving insulin-positive islets. 
Administration of hMSCs reduced insulitis by secreting 
TSG-6 in NOD mice. To determine the progression of islet 
mass loss and insulitis in NOD mice and the effect of 
hMSC administration on such events, we analyzed islet 
numbers and insulitis in HBSS- and hMSC-treated mice 
(Fig. 2A). The number of islets started to significantly 
decrease after 12 weeks of age in the HBSS-treated group 
(Fig. 2B). In mice that received two infusions of hMSCs at 
10 and 11 weeks of age, however, islet numbers remained 
significantly higher at 12 weeks when compared with 
age-matched HBSS control (Fig. 2B). There was no sig- 
nificant difference in islet numbers between the hMSC- 
and HBSS-treated groups of 14-week-old mice (Fig. 2B). 
However, the hMSC-treated group showed significant 
differences in insulitis at all ages tested, and earlier 
infusions of hMSCs, before insulitis was well established, 
more effectively delayed insulitis in NOD mice (Fig. 2(7). 
To determine whether the administration of hMSCs 
to prediabetic mice delays insulitis in NOD mice by sec- 
reting TSG-6, we infused TSG-6 siRNA-transfected 
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FIG. 1. Systemic administration of hMSCs or TSG-6 delayed the onset of diabetes in NOD mice. A and B: Diabetes incidence. Negative, HBSS 
infused (n = 10) at 10 and 11 weeks of age; hMSCs at 14 and 15 weeks, hMSC infused (2 x 10 6 , n = 10) at 14 and 15 weeks of age; hMSCs at 10 
and 11 weeks, hMSC infused (2 x 10 6 , n = 10) at 10 and 11 weeks of age; TSG-6 at 10 and 11 weeks, TSG-6 infused (50 jjig/mouse, n = 10) at 10 
and 11 weeks of age; TSG-6 from 10 to 17 weeks, TSG-6 infused (50 jjig/mouse, n = 5) from 10 to 17 weeks of age. *P < 0.05, **P < 0.005 by 
Kaplan-Meier estimator. C-G: HBSS, HBSS infused (n = 10) at 10 and 11 weeks of age; hMSCs, hMSC infused (2 x 10 6 , n = 10) at 10 and 11 
weeks of age; TSG-6, TSG-6 infused (50 |mg/mouse, n = 5) from 10 to 17 weeks of age. C: End point-representative H-E and immunofluorescence 
staining for CD4 and insulin. D and E: Islet number per area and insulitis characterization (n = 3 or 4). F: Representative immunofluorescence 
staining for Foxp3 and insulin. G: Foxp3 + quantification per islet (« = 3 or 4). Values for islet numbers and Foxp3 are means ± SD. *P < 0.05 by 
two-tailed Student t test. 



hMSCs or TSG-6 at 10 and 11 weeks of age. Transient 
transfection of hMSCs with TSG-6 siRNA (Supplementary 
Fig. IA) abrogated the effects (Fig. 2D and E) and TSG-6 
duplicated the effects of hMSC (Fig. 2F and G). Most 
importantly, TSG-6 siRNA-transfected hMSCs (Supple- 
mentary Table 1 and Supplementary Fig. IB) have no 
statistically significant effect in delaying diabetes in an 
adoptive transfer model (Fig. 2H). Therefore, these data 
strongly suggested that infusion of hMSCs delays the 
onset of type 1 diabetes in NOD mice in part by secreting 
TSG-6. 



TSG-6 suppressed expression of Thl cytokines in 
NOD mice. To test whether hMSCs delayed insulitis by 
inhibiting the development of Thl cells, which are impli- 
cated in the destruction of insulin-producing (3-cells (22), 
we infused hMSCs to prediabetic NOD mice at 10 and 11 
weeks of age and analyzed Thl cytokine expression in the 
spleen of these animals at 12 weeks of age. As shown in 
Fig. 3A, the administration of hMSCs significantly de- 
creased gene expression of il-12, ifn-y, il-2, and il-1/3 in 
hMSC-treated mice compared with age-matched HBSS- 
treated NOD mice. The administration of hMSCs and TSG-6 
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FIG. 2. Administered hMSCs reduced insulitis by secreting TSG-6 in NOD mice. A: Experimental scheme. Insulitis was analyzed in the pancreas 
after weekly two-time infusions of HBSS or hMSCs at various ages. Islet number per pancreatic section (1?) and insulitis characterization (C) from 
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Kaplan-Meier estimator. 



weekly at 4 and 5 weeks of age, before insulitis was well 
established, also reduced the expression of Thl cytokines 
in the PLNs of NOD mice (Fig. 3B). Most importantly, the 
gene expression of il-12, released from APCs, which are 
mainly macrophages and DCs and are critically involved 
in the development of Thl cells (23,24), was significantly 
decreased in hMSC- and TSG-6-treated mice. These data 
suggested that TSG-6 either directly suppresses Thl 



polarization or indirectly decreases il-12 expression levels 
in APCs, therefore inhibiting the expression of Thl cyto- 
kines. 

TSG-6 directly suppressed Thl polarization. To de- 
termine the extent to which TSG-6 directly suppressed Thl 
polarization, splenocytes from NOD mice were activated in 
vitro in the presence of TSG-6 or hMSCs transfected with 
siRNA against tsg-6. TSG-6 suppressed proliferation of 
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FIG. 3. hMSCs or TSG-6-suppressed Thl cytokine expression in vivo and in vitro. A: Splenic Thl expression from 12-week-old mice HBSS (n = 3) or 
hMSC infused (2 x 10 6 , n = 3) at 10 and 11 weeks of age. Values are means ± SD. *P < 0.05 by two-tailed Student t test. B: Thl expression in PLNs 
from 6-week-old mice HBSS (n = 3) or hMSC infused (2 x 10 6 , n = 3) at 4 and 5 weeks of age. RQ, relative quantification. MTT assay (C) and Thl 
expression (Z>) after 72 h of splenocyte cultures (1 x 10 6 /mL) in the presence of TSG-6 or hMSCs transfected with Scr or TSG-6 siRNA (hMSCs, 
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precoated with anti-CD3 (2 (uig/mL) in the presence of TSG-6. H: Immunoprecipitation with TCR (CD3e) or Zap-70 from cell lysate. 
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splenocytes (Fig. 3(7), accompanied by suppression of Thl- 
related cytokines (Fig. 3D and Supplementary Fig. 2). This 
effect was not due to cell death (Supplementary Fig. 3). 
Importantly, suppression of Thl development was in- 
effective when splenocytes were cocultured with TSG-6 
siRNA-transfected hMSCs (Fig. 3C and D and Supple- 
mentary Fig. 2). Previously, TSG-6 was shown to modulate 
the interaction of hyaluronic acid (HA) with the cell sur- 
face receptor CD44 (25), and we also showed that the 
inhibitory effects of TSG-6 on NF-kB signaling were de- 
pendent on CD44 expression (14). Therefore, we tested 
the hypothesis that the inhibitory effects of TSG-6 were 
dependent on the expression of CD44 on T cells. TSG-6 
had no effect on the proliferation of splenocytes or CD4 + 
cells isolated from transgenic mice with inactivated alleles 
for CD44 (Fig. 3F), whereas TSG-6 suppressed activation 
of CD4 + cells isolated from NOD mice (Fig. 3E). Western 
blots revealed that TSG-6 suppressed phosphorylation of 
Zap-70, LAT, and p42MAPK, key molecules downstream on 
the CD3 activation signaling cascade in CD4 + T cells from 
NOD mice (26) (Fig. 3G), but not CD44 knockout mice 
(Fig. 3G). Furthermore, when Triton X-100 lysates of CD4 + 
T cells were immunoprecipitated with anti-TCR (CD3s) or 
Zap-70 after CD3 stimulation with or without TSG-6, only 
a small amount of coprecipitated Lck, CD44, Zap-70, and 
LAT was detected in TSG-6-treated T cells compared with 
control (Fig. 3H). These data suggest that TSG-6 directly 
suppressed TCR signaling by inhibiting coalescence of the 
TCR microdomains, and this inhibitory effect of TSG-6 was 
dependent on CD44. 

TSG-6 suppressed APC activation. To determine the 
extent to which TSG-6 suppressed APC activation, we 
tested the effect of TSG-6 on the activation of APCs both in 
vitro and in vivo. We first assessed il-12b and tnf-a ex- 
pression in splenocytes after intravenous LPS exposure in 
vitro. Splenocytes were treated with LPS with or without 
TSG-6, and proliferation and cytokine profile were as- 
sessed. TSG-6 suppressed il-12b gene expression at 4 
and 6 h (Fig. 4A), inhibited NF-kB translocation (Supple- 
mentary Fig. 4), splenocyte proliferation, and secretion of 
IFN-7 after 3 days (Supplementary Fig. 5), and inhibited 
expression of CD40 (Fig. 45), CD80, and CD86 (Supple- 
mentary Table 2A) at 20 h. Next, coadministration of TSG-6 
was able to suppress the expression of il-12b, tnf-a, and 
ifn-y in the spleen of LPS-treated animals (Fig. 4(7). Fur- 
ther magnetic sorting of TSG-6-treated mouse splenocytes 
revealed the capacity of TSG-6 to substantially suppress 
il-12b and tnf-a expression from the CDllc + and CDllb + 
populations, respectively (Fig. 4Z)). Importantly, infusion 
of TSG-6 was ineffective in cdA4 knockout mice after in- 
travenous LPS stimulation (Fig. AK), consistent with our 
previous observations that the interaction of TSG-6 with 
CD44 decreases the translocation of NF-kB in macro- 
phages after zymosan stimulation (14). Since the effects of 
TSG-6 are dependent on the interactions between CD44 
and HA, it is possible that an increased availability of HA in 
vivo enhances TSG-6 therapeutic effects. This suppressive 
effect of TSG-6 on NF-kB signaling, along with the reduced 
levels of the costimulatory molecule CD40 and the cyto- 
kines IL-12 and TNF-a, provided more supporting evidence 
that TSG-6 affects the APC phenotype and thereby sup- 
presses Thl development. 

TSG-6 promoted tolerance in APCs and thereby 
induced Treg cells. To determine the extent to which 
TSG-6 promotes APC-mediated tolerance, APCs were 
generated from BM-derived precursors differentiated in 
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the presence of recombinant murine GM-CSF and IL-4 with 
TSG-6 (TSG-6-BM APCs) or without TSG-6 (control-BM 
APCs). TSG-6-BM APCs showed lower expression levels of 
costimulatory molecules CD40 (Fig. 5A), CD80, and CD86 
(Supplementary Table 2B) compared with control-BM 
APCs after LPS stimulation. In addition, TSG-6-BM APCs 
secreted lower levels of activating IL-12 cytokine and 
higher levels of Thl inhibitory cytokines IL-10 and TGF-p 
compared with control-BM APCs after LPS stimulation 
(Fig. 5B). These results led us to further investigate the 
immunoregulatory properties of the TSG-6-BM APC. The 
number of the mouse CDllc + B220 + CD8a + plasmacytoid 
dendritic subtype (27) was increased in TSG-6-BM APCs 
(Fig. 5C). To evaluate the effect of TSG-6-BM APCs on the 
T-lymphocyte phenotype, 4-day cocultures of TSG-6-BM 
APCs with CD4 + naive T lymphocytes were performed. As 
expected, TSG-6-BM APCs were able to generate signifi- 
cantly higher numbers of CD4 + CD25 + Foxp3 + Tregs in vitro 
(Fig. 6A), and levels of the anti-inflammatory cytokine 
TGF-|3 were increased in the cocultures with TSG-6-BM 
APC (Fig. 65). In vivo, TSG-6-BM APCs increased the 
number of CD4 + CD25 + Foxp3 + Tregs in the spleen of 
5-week-old NOD mice 5 days after intravenous infusion 
(Fig. 6C and D). Therefore, our results suggest that TSG-6 
generated immune tolerance through modulation of the 
APC phenotype. Finally, to further confirm whether the 
suppressive effects exerted by TSG-6 and TSG-6-BM APCs 
on Thl development could be translated into a T-cell 
transfer model of diabetes, isolated diabetogenic spleno- 
cytes from female NOD mice were adoptively cotrans- 
ferred into female immune-deficient NOD/scid in 
combination with TSG-6 or TSG-6-BM APCs. Both treat- 
ments were able to delay diabetes in recipient NOD/scid 
mice (Fig. 6E) and increase expressions of foxp3 and il-10 
in recipient splenocytes (Fig. 6F and G), providing further 
supporting evidence for the therapeutic potential of TSG-6. 



DISCUSSION 

Our data provide several possible mechanisms whereby 
TSG-6 suppresses T-cell development into a Thl pheno- 
type (Supplementary Fig. 6). First, TSG-6 may suppress 
Thl development either by direct inhibition of T-cell acti- 
vation or indirectly through suppression of APC activation. 
In our study, splenocytes and CD4 + T cells isolated from 
NOD mice subsequently activated in vitro in the presence 
of TSG-6 displayed suppressed proliferation capacity, 
along with significant inhibition of the CD3 and CD28 ac- 
tivation signaling cascade and IFN-7 secretion. In addition, 
TSG-6 was able to suppress IL-12 and TNF-a levels in APCs 
after LPS activation through inhibition of NF-kB trans- 
location to the nuclei. Interestingly, CD40 expression, 
a critical step in the final maturation of DCs into a fully 
competent APC (28) and essential for IL-12 production 
(29), and other costimulatory molecules were down- 
regulated by TSG-6. Our results are in accordance with our 
previous observations (14) that TSG-6 decreased zymosan/ 
TLR2-mediated nuclear translocation of NF-kB in resident 
macrophages. The suppressive effects of TSG-6 on NF-kB 
signaling may explain how TSG-6 suppressed Thl de- 
velopment, since Thl polarization and APC activation re- 
quire the activation of NF-kB signaling (20). NF-kB 
signaling is an essential component for the T-cell activa- 
tion mechanism in response to engagement of CD3 and 
CD28 and subsequently induces proliferation and IL-2 
production (30,31). Furthermore, APCs from NOD mice, 
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mainly DCs and macrophages, have also been shown to 
display NF-kB hyperactivity (18), leading to abnormal levels 
of IL-12 and TNF-a secretion (18,19). IL-12, in particular, 
plays a critical role in the development of Thl cells (23,24), 
as ILrl2 antagonists (32) and administration of IL-12 (33) 
have been shown to inhibit and accelerate diabetes in NOD 
mice, respectively. Notably, macrophage depletion (15) and 
NF-KB-deficient DCs (34) have been shown to prevent di- 
abetes in NOD mice, reinforcing the importance of these 
immune cells in the pathogenesis of type 1 diabetes. 

Our study also demonstrated that this suppressive effect 
of TSG-6 on T cells, splenocytes, and APCs was dependent 
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on CD44 expression. These results are consistent with the 
previous observations that the interaction of TSG-6 with 
CD44 was essential for decreasing zymosan/TLR2-mediated 
stimulation of NF-kB signaling (14). In TCR/CD3-mediated 
T-cell activation, CD44 has been shown to function as 
a costimulatory molecule, leading to enhanced pro- 
liferation and cytokine release (35). Cross-linking CD44 
by small HA fragments leads to coalescence of the TCR 
microdomains, because CD44 selectively associates with 
active Src family protein tyrosine kinases Lck and Fyn 
(36), which are recruited to the TCR and then phos- 
phorylate and activate Zap-70 during initial canonical 
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FIG. 5. TSG-6-generated tolerogenic APCs. Expression of CD40 04) and IL-12p70, IL-10, and TGF-0 CB) of control-BM APCs (5 x 10 5 cells/mL) 
and TSG-6-BM APCs (5 x 10 5 cells/mL) at 18 h after LPS activation (50 ng/mL). Values are means ± SD (n = 3; *P < 0.05, **P < 0.005 by two-tailed 
Student t test). C: CDllc + B220 + flow cytometry analysis of TSG-6-BM APCs after 9 days. 



TCR stimulation (37). Subsequently, Zap-70 phosphorylates 
T-cell-specific adapters, such as LAT and SLP-76, leading to 
the recruitment and activation of other kinase families and 
enzymes, resulting in secondary messenger generation and 
culminating in T-cell activation (37). However, it has been 
suggested that polyvalent interaction between polymeric 
HA and CD44 could possibly prevent coalescence of the 
TCR microdomains and activation of the associated kinases 
by inhibiting Lck recruitment to the TCR microdomain (38). 
Since TSG-6 is implicated in inflammation by stabilizing 
cellular coats by cross-linking HA chains (39), TSG-6 may 
keep the polyvalent binding of CD44-HA and thereby inhibit 
coalescence of the TCR microdomains. Our data also 
demonstrated that TSG-6 prevents Lck, Zap-70, and LAT 
from being targeted to the TCR microdomain and thereby 
abrogated the signaling via TCR. 



Second, multiple treatments of TSG-6 may induce reg- 
ulatory mechanisms, which probably lead to an overall 
inhibition of the immune system toward a Thl phenotype 
by skewing of the immune response toward a Th3, tol- 
erogenic phenotype. Recently, there has been a great in- 
terest in regulatory mechanisms for the treatment of type 1 
diabetes (40). It has been suggested that the administration 
of MSCs exerts immune modulation effects in diabetes 
models associated with an increase in the frequency of 
CD4 + CD25 + Foxp3 + Tregs (41,42). In our study, we also 
showed that hMSC- and TSG-6-treated mice maintained 
Tregs in the islets compared with control mice. Further- 
more, we provided supporting evidence that APCs gener- 
ated in the presence of TSG-6 displayed elevated levels of 
the Thl inhibitory cytokines TGF-|3 and IL-10 and en- 
hanced proportions of the CDllc + B220 + plasmacytoid 
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dendritic subtype (27), which have been shown to increase 
Treg cells and prevent diabetes in animal models (43). In 
our study, TSG-6-BM APCs were also able to generate 
significantly higher numbers of CD4 + CD25 + Foxp3 + Tregs 
both in vitro and in vivo. Finally, TSG-6-BM APCs were 
able to delay the onset of diabetes when cotransferred 
with diabetogenic splenocytes in an adoptive diabetic 
transfer model. TSG-6 also showed the great potential in 
delaying the onset of diabetes in recipient mice, although 
the tendency for delay was not statistically significant in 
the TSG-6 treatment group. The maximal effective dose 
and injection schedule of TSG-6 need to be optimized in 
future studies. 

A previous study by Fiorina et al. (42) involving the use 
of MSCs and an experimental model of diabetes showed 
that mouse MSCs generated tumors after in vivo 
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administration. It is critically important and noteworthy 
that mouse MSCs significantly differ from other species, 
in particular humans, in many ways, including heavy 
hematopoietic contamination in the initial culture, dif- 
ferent culture conditions, and, most importantly, ge- 
nomic instability that allows them to proliferate and 
become tumorigenic (44). Moreover, Fiorina et al. ob- 
served that only mice treated with NOD-derived MSCs, 
but not BALB/c-derived MSCs, developed neoplasia, 
which the authors attribute to the fact that inbred mice 
such as NOD have been shown to carry various genetic 
abnormalities and are prone to developing lymphoid 
tumors. 

There was a difference in terms of efficacy between 
MSCs and TSG-6 in delaying the onset of diabetes in NOD 
mice (Fig. 1A and E). We speculate that the degree of 
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biological activity of the commercial TSG-6 differs from 
the TSG-6 generated in vivo by hMSCs due to potentially 
different posttranslational modifications. Moreover, other 
reports suggested that the anti-inflammatory or immune- 
suppressive activity of MSCs was explained by the cells 
expressing PGE2 (45), IDO (46), TGF-pl (47), IL-1 re- 
ceptor antagonist (48), or the soluble TNF receptor 1 (49). 
Therefore, it is apparent that MSCs can produce a variety 
of anti-inflammatory factors in addition to TSG-6. The results 
presented here do not rule out the effects from additional 
anti-inflammatory factors produced by hMSCs, but the data 
from the experiments with TSG-6 siRNA and TSG-6 demon- 
strate that TSG-6 made a major contribution to the decreased 
insulitis observed in the pancreas and Thl development and 
the delayed the onset of diabetes in NOD mice. 

Research in the field of type 1 diabetes within the last 30 
years has shifted our understanding of pathogenesis from 
an acute to a chronic autoimmune disease (3), in which 
(3-cell mass progressively decreases before the devel- 
opment of clinically symptomatic diabetes, a time when 
>70% of the (3-cell mass has already been destroyed (50) 
and there is insufficient insulin secretion to maintain glu- 
cose homeostasis. Therefore, prevention of type 1 diabetes 
manifestation will have a greater impact than a treatment- 
focused approach. Our results suggest that TSG-6 could 7) 
provide a novel therapy for disease prevention in suscep- 
tible individuals at high risk of developing type 1 diabetes, 
and 2) replace the current efforts of cell therapies with 
more practical and less expensive protein therapy for the 
prevention of type 1 diabetes. 
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